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ABSTRACT 
 
This thesis is made up of two separate papers. The first paper evaluates a number of thermodynamic 
and empirical models estimating mixture properties required to predict the migration and entrapment 
in the subsurface of nonaqueous phase liquids released due to railroad tank car accidents.  The 
properties include density, viscosity, surface and interfacial tension.  Several models are used to predict 
pure compounds properties, similar mixture properties, and dissimilar mixture properties. Models for 
estimating density and surface tension are the most accurate with errors for similar compound mixtures 
close to or fewer than 10% compared to measured values. Viscosity models did the next best, with 
errors between 15 and 33%. However, simple linear models do not work well for viscosity because of 
sensitivity to temperature.  Interfacial tension proves to be the most difficult property to estimate, in 
particular for dissimilar mixtures. Interfacial tension is very sensitivity to mutual solubility parameters. 
This sensitivity causes large error if the parameters are not accurately measured or estimated. In the 
second paper, the results from the most accurate property estimation equations are used for a database 
in model simulation program referred to as Hazardous Materials Transportation Environmental 
Consequence Model, or HMTECM. This model was previously developed to simulate the spill of a pure 
compound on the ground surface, migration through soil, lens formation at the groundwater surface, 
transportation through groundwater, and pump and treat. The model has since been redeveloped to 
handle mixtures. All model coding was done by Hongkyu Yoon, a previous visiting research assistant 
professor. He developed a new semi-analytical source zone reduction model (SZRM) for multi-
component light nonaqueous phase liquids (LNAPLs), and incorporated this into an existing screening 
model for estimating cleanup times for chemicals spills from railroad tank cars that previously 
considered only single component LNAPLs.  Dr. Yoon compared results with SZRM, a numerical model, 
and a semi-analytical model. Results from the SZRM compare favorably to those from a three-
dimensional numerical model, and from another semi-analytical model that does not consider source 
zone reduction. A sensitivity analysis is performed with the updated screening model by adjusting 
several key input parameters (i.e., cleanup criteria such as total petroleum hydrocarbons in soil (TPH-
soil), TPH-water, and maximum contaminant levels, dispersivity, and solubility), and to evaluate 
groundwater contamination and cleanup times for four complex mixtures of concern in the railroad 
industry.  In most cases, raising cleanup criteria concentrations and increasing dispersivity and solubility 
decrease cleanup time.  Also, cleanup time is controlled by multiple cleanup criteria and can be 
determined by different criteria under different conditions.  It is recommended that multiple cleanup 
criteria be applied depending upon actual conditions.  Among the petroleum hydrocarbon mixtures 
considered, the cleanup time of diesel fuel was much longer than E95, gasoline, and crude oil. This is 
mainly due to the high fraction of low solubility components in diesel fuel.  The results demonstrate that 
the updated screening model with the newly developed SZRM is computationally efficient, and provides 
valuable comparisons of cleanup times that can be used in assessing the health and financial risk 
associated with chemical mixture spills from railroad tank car accidents. 
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CHAPTER 1 
Introduction 
 
This thesis consists of two papers. The first paper is the estimation of the physical properties of complex 
organic chemicals. Estimation models were found for density, viscosity, surface tension, and interfacial 
tension. Two models were used for estimating each physical property of pure compounds typically 
found in gasoline. Three models were used for estimating each physical property of similar mixtures; 
such as gasoline, crude oil, jet fuel, and diesel fuel. One model was used for estimating each physical 
property of dissimilar mixtures; such as E95. The average absolute deviation (AAD) of each model was 
calculated. This AAD percent value was used to compare the models and determine which could be used 
for future similar and dissimilar mixtures. All work described above was performed by the main author, 
Amanda Marruffo.  
The second paper takes the data and results from the first paper and uses this information in a 
computer simulation program called Hazardous Materials Transportation Environmental Consequence 
Model or HMTECM. The HMTECM program described in this paper is an upgraded version in order to 
account for mixtures.  All FORTRAN coding for the program was performed by Research Scientist, 
Hongkyu Yoon. Three modules make up the HMTECM: soil, groundwater, and pumping module. Only 
the groundwater and pumping modules were altered. Within the groundwater module, a source zone 
reduction model (SZRM) was developed by Hongkyu Yoon. This model was compared to two other 
models ; a numerical model and a semi-analytical model without source zone reduction. This work was 
also performed by Research Scientist, Hongkyu Yoon. The running of the HMTECM simulations and the 
compilation of output data; such as volume of chemical in groundwater, cleanup time, sensitivity 
analysis of input parameters, and cumulative mass removal, was performed by the main author, 
Amanda Marruffo.  
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Part I  
Evaluation of Estimation for Physical Properties that Affect Migration of Complex Organic Chemical 
Mixtures in Soil and Groundwater 
 
CHAPTER 2 
Introduction 
 
The EPA estimates that there are approximately 300,000 hazardous waste sites in the United States that 
require cleanup at an estimated cost of more than 200 billion dollars, and that most of these are soil and 
groundwater sites impacted by petroleum-based organic chemicals [1].  Of additional concern are new 
sites created from accidental releases.  For example, in the past ten years there have been more than 38 
railroad tank car accidents that resulted in the release of hazardous organic chemicals to soil and 
groundwater [2].  Most contaminated soil and groundwater sites are impacted by chemical mixtures, 
and relevant physical and chemical properties of mixture components and bulk mixtures are needed for 
characterizing the extent of contamination in soils and groundwater, and the associated risk. Chemical 
mixtures of interests often contain hundreds of different chemicals.  For example, gasoline is comprised 
of roughly 500 individual chemicals, the majority of which are alkanes, isoalkanes, cycloalkanes, 
monoaromatics, and polyaromatics [3].  Many gasoline components make up less than 0.1% of the total 
mass; the exact composition depends on the source of the petroleum as well as the production method 
[4]. A similar number of components are present in other chemical mixtures of interest such as jet fuel, 
diesel fuel, crude oil, and ethanol-gasoline blends [4]. Given the large number of individual components 
and the variability among mixtures, relevant properties are often not available for all individual mixture 
components, or bulk mixtures. 
 
Physical properties of organic mixtures such as density, viscosity, surface tension, and interfacial tension 
play an important role in the fate and transport of the chemicals in the subsurface.  These properties 
determine in large part the migration rate and residual saturation of organic chemical mixtures as 
nonaqueous phase liquid (NAPL) in soil and groundwater, the size and shape of lenses formed at the 
groundwater table, and the extent of transport of dissolved components in groundwater [5].  Measured 
literature values for these parameters are available for a large number of individual compounds in 
organic chemicals mixtures [6, 7], and for many mixtures with two or three organic compounds. 
3 
 
However, for many heavier molecular weight polyaromatics organic compounds found in the majority of 
petroleum hydrocarbon products, these values are not readily available.  In addition, mixture 
composition is likely to change in the natural environments due to volatilization, dissolution, abiotic 
reactions, and biodegradation.  Also, it is not practical to measure physical properties for all chemical 
mixtures.  Hence, it is necessary to use practically useful models to estimate these properties for 
different compositions of organic mixtures.  
 
A number of thermodynamic-based models and empirical models are available for estimating the 
density, viscosity, surface tension, and interfacial tension of individual organic chemicals and organic 
chemical mixtures.  Many of these models for bulk chemical mixtures require the properties of the 
individual chemicals in the mixture.  Although many thermodynamic-based approaches have been 
developed to estimate physical properties, these models cannot be readily extended to organic 
compounds encountered in environmental problems, mainly due to the complexity of mixtures and the 
lack of information regarding intermolecular forces between compounds.  Also, empirical models are 
often derived from a very limited set of data and have been evaluated for mixtures with a few chemical 
compounds.   
 
Reviews of methods for estimating the density [8, 9], viscosity [10, 11, 12], surface tension [13, 14, 15], 
and interfacial tension [16, 17, 18] of pure components and mixtures are available, and some of these 
models are commonly used in conjunction with multiphase flow simulators ((STOMP, UTCHEM, 
TOUGH2).  Although several methods are preferably used due to their dependence on temperature and 
pressure, and their accuracy and/or simplicity, no models for pure compounds and petroleum mixtures 
have been evaluated for all of the major components observed in petroleum products.  In addition, 
newly emerging ethanol-blended gasoline presents an even more complex case, where the co-solvent 
ethanol has a high activity coefficient and results in non-ideal behavior with respect to physical 
properties of relevant mixtures.   
 
The primary objective of this work is to evaluate models for estimating the density, viscosity, surface 
tension, and interfacial tension of individual components of gasoline, mixtures of similar compounds 
(e.g., gasoline, diesel fuel, jet fuel, crude oil), and mixtures of dissimilar compounds (e.g., gasoline-
ethanol blends) commonly transported by railroads.  When possible, measured literature values for 
individual compounds were used to predict mixture properties.  However, such values are not always 
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available and estimated values were used as necessary. The similar and dissimilar mixtures selected for 
analysis are those for which measured values are available in the literature for comparison.  In total, 8 
different models were evaluated for pure compounds, and 14 different models for chemical mixtures. 
These models were selected based on a literature review of commonly used methods for estimating 
density [8, 9], viscosity [10, 11, 12], surface tension [13, 14, 15], and interfacial tension [16, 17, 18] of 
pure components and mixtures. 
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CHAPTER 3 
Model Description 
For each property, two models for pure compounds, three models for similar compound mixtures, and 
one model for dissimilar compound mixtures were evaluated.  Models were selected based on their 
theoretical and practical aspects with the availability of input parameters and their capability of 
estimating properties as reported in the literature.  All model equations for pure compounds, similar 
compound mixtures, and dissimilar compound mixtures are listed in Appendix B.  Key input parameters 
required are also listed.   Appendix A lists complex mixtures and their individual components. Appendix 
C lists the literature values for pure compound properties. 
Density  
The two models used to estimate the density of pure compounds are the Simplified Thermodynamic 
Model (STM) [9] and the Thermodynamic Correlation Model based on Critical Properties (TCP) [8] 
(Appendix B). The three models used to estimate the density of similar compound mixtures are the 
Simplified Thermodynamic Mixing Model (STMM) [9], the Thermodynamic Correlation Mixing Model 
based on Critical Properties (TMCP) [8], and the Thermodynamic Correlation Model based on Molar 
Volumes (TMMV) [19] (Appendix B). An empirical model developed specifically for estimating ethanol 
blended petroleum mixtures was used to estimate the density of dissimilar mixtures. This mixture model 
is referred to as the Linear Dissimilar Mixture Model (LDMM) [20] (Appendix B). Input parameters were 
found in the literature [21, 6] or estimated using methods found in Lyman et al. [16], as documented in 
Appendix B. 
Viscosity  
The two models used to estimate the viscosity of pure compounds are the Viscosity Estimation Model 
Based on Heat of Vaporization (VHV) [15] and the Structure Dependent Model (SDM) [22] (Appendix B). 
The three models used to estimate the viscosity of similar compound mixtures are the Natural Log 
Mixing Model (NLMM), Linear Mixing Model (LMM), and Empirical Oil Composition Model (EOCM) [23] 
(Appendix B).  The first two models are slight permutations of the estimation method developed by 
McAllister [24]. EOCM was developed for crude oils but is applied to all complex mixtures. An empirical 
model developed specifically for estimating ethanol blended petroleum mixtures is used to estimate the 
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viscosity of dissimilar mixtures. This mixture model is referred to as the Exponential Viscosity Model 
(EVM) [25] (Appendix B).  Input parameters were estimated using methods found in Lyman et al. [16]  
Surface Tension  
The two models used to estimate the surface tension of pure compounds are the Thermodynamic 
Estimation Model based on Parachors (TEMP) [16] and the Thermodynamic Estimation Model based on 
Boiling Points (TEMBP) [15] (Appendix B).  The three models used to estimate the surface tension of 
similar compound mixtures are the Linear Mixing Model (LMM(ST)), the Surface Tension-Density 
Mixture Model (STDMM) [19], and Surface Layer Mixture Model (SLMM) [26] (Appendix B). Mixture 
density, which is required for STDMM, is estimated for each mixture using the TMMV model described 
earlier. An empirical model developed specifically for estimating ethanol blended petroleum mixtures 
was used to estimate the surface tension of dissimilar mixtures. This mixture model is referred to as the 
Empirical Polynomial Model (EPM) [20] (Appendix B).  Input parameters were estimated using the 
methods found in Lyman et al. [16]. 
Interfacial Tension  
The two models used to estimate the interfacial tension of pure compounds are the Mutual Solubility 
Model (MSM) [27] and the Temperature-Dependent Mutual Solubility Model (TMSM) [28] (Appendix B). 
The three models used to estimate the interfacial tension for mixtures of similar structure are the Linear 
Mixing Model (LMM(IFT)), the Mutual Solubility Model for Mixtures (MSMM) [27] and the Temperature-
Dependent Mutual Solubility Mixture Model (TMSMM) [28] (Appendix B). An empirical model developed 
specifically for estimating ethanol and benzene mixtures is used to estimate the interfacial tension of 
dissimilar mixtures. This mixture model is referred to as the Empirical Exponential Mixing Model (EEMM) 
[29] (Appendix B).  Required input parameters are obtained from Demond and Lindner [17].  Solubility of 
water in the organic phase is estimated from Jones and Monk [30]. The solubility of organic in the water 
phase was taken from EPA’s EPIWEB.   
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CHAPTER 4 
Error Analysis 
Estimation models for pure chemicals were tested on 49 compounds commonly found in gasoline [31]. 
Model results are compared to literature values when available, although not all compounds have 
literature values. Average absolute deviation percent values, AAD, were calculated for each method. 
When more than one literature value was available for a given property, the median value was used. 
Measured values were obtained at temperatures between 15-30oC.  If multiple measured values were 
obtained, then the median measured value for a given property was used. If a temperature parameter is 
required by an estimation model, then 25 oC was used. 
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CHAPTER 5 
Results and Discussion 
Estimation models for pure chemicals were tested on 49 compounds commonly found in gasoline [32]. 
Literature and estimated values for all 49 compounds and mixtures are shown in Appendix C. Model 
results are compared to literature values, although not all compounds have literature values.  For all 
model input parameters, literature values were used when available. When literature values were not 
available, an estimation model was used to estimate the required input parameter. The models and 
input parameters used are shown in Appendix B. 
Average absolute deviation percent values, AAD%, were calculated for each method. 
      
 
 
 
   
   
   
     
  
   
 
   *100 
Properties of Pure Compounds in Gasoline  
All model predictions for pure compounds found in gasoline are presented in Appendix C. The model 
with the lowest AAD for each property is used for individual mixture components when literature values 
are not available. The density of pure compounds is estimated with AAD’s for STM and TCP of 2.25% and 
3.66%, respectively. The reason both models predict density values so accurately is likely because most 
input parameters are accurately measured values. Critical properties (Tc, Pc, c,), acentric factor (ω), and 
compressibility factor (ZRA) are specific to each compound and are measured with high accuracy 
(Appendix C). Both the STM and TCP models were developed for several different types of hydrocarbons 
and therefore perform well for all seven categories of compounds in gasoline (i.e. alkanes, isoalkanes, 
alkenes, cycloalkanes, cycloalkanes, aromatics, polyaromatics).  
The viscosity of pure compounds is estimated with AAD’s for VHV and SDM of 23.0% and 19.1%, 
respectively. Liquid viscosity is highly dependent on temperature. The VHV accounts for the boiling 
point, heat of vaporization, and two other structurally-dependent variables, whereas SDM only includes 
two structurally-dependent variables. Since some polyaromatics in gasoline have high melting 
temperatures and high viscosities, the VHV model with temperature related parameters was able to 
better capture the increase in viscosity of larger molecules. However, it over estimated the viscosities of 
some mono and polyaromatics, so the SDM yields the most accurate results overall. 
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The surface tension of pure compounds is estimated with AAD’s for TEMBP and TEMP of 5.17% and 
3.98%, respectively. Only a few compounds had very high error and no general trend was observed. The 
assumption for TEMP is that vapor density (ρv) is much smaller than liquid density (ρL) and can therefore 
be ignored [16]. Based on the low error, this appears to be a valid assumption. Both models are based 
on the estimated parachor term, which is independent of temperature [14]. However, TEMBP requires 
additional estimated terms, and this may cause increased uncertainty in model results. 
The interfacial tension of pure compounds is estimated with AAD’s for MSM and TMSM of 18.7% and 
31.8%, respectively. Interfacial tension is a property that has a large range of values for hydrocarbons. 
Interfacial tension estimates from MSM and TMSM are similar and span a large range; deviations are 
anywhere from 0.01% to 93.55% of literature values. TMSM does a poor job, compared to MSM, in 
estimating isoalkanes and alkenes. The reason could be because TMSM has empirical fitting parameters 
which were obtained from a limited dataset that did not include isoalkanes and alkenes. As discussed in 
Demond and Lindner [17], interfacial tension estimates are very sensitive to mutual solubility values. For 
lower molecular weight compounds, measured organic solubility values in water are generally available; 
however, measured values for heavy compounds are less available and estimated values are less 
accurate. As a result, prediction of interfacial tension for lower molecule compounds was much better 
than for higher molecule compounds.  Water solubility values in organic phases are all estimated. From 
these results, it appears that interfacial tension is the most difficult of the four properties to estimate for 
pure compounds. 
Properties of Similar Mixtures 
Model predictions of density, viscosity, surface tension, and interfacial tension for similar mixtures are 
shown in Appendix C and Figure 1. The model results for petroleum products as well as the error bars 
representing the high and low values found in literature are shown. Models were tested for the 
following complex mixtures: gasoline, crude oil, diesel fuel, and jet fuel. Simpler mixtures containing two 
to four organic components were also evaluated in order to further validate the accuracy of each model. 
These results are not shown in the Figures, but are shown in Appendix C.  The complex mixture results, 
but not the simple mixture results, are discussed in the text below, because trends in model results are 
similar for the simple and complex mixtures. 
Results for the density of similar complex mixtures are shown in Figure 1a. The density mixture models 
have AAD’s of 3.76%, 7.63%, and 8.17% for TMMV, STMM, and TMCP, respectively. STMM and TMCP 
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estimates are on the low side of measured literature values and do not fall in the range of measured 
values. TMMV estimates are also lower than median literature values, but fall within the range of 
measured literature values for three of the four petroleum product mixtures. Similar to models for pure 
compounds, STMM performed better than TMCP, which both require the same input parameters as the 
pure model version.  However, several more parameters are required for TMCP and this may increase 
the error. TMMV performs the best because it requires only two very accurately measured and well-
known parameters, molar volume and molecular weight. This model can be considered a form of a 
simple linear mixing model which is recognized as a highly accurate model for mixture density. Typically, 
petroleum density measured in the field accounts for the effect of the heavier molecules, whereas 
reported composition of petroleum products does not include the heavier undetectable molecules. Lack 
of the heavier molecules in our compositional database likely results in the lower estimated density 
values. 
Results for the viscosity of similar complex mixtures are shown in Figure 1b. Viscosity has a strong 
temperature dependence (e.g., water viscosity can vary by 30% for a 10oC temperature change), so only 
literature values from 15-25 degrees Celsius [32, 23] were used. The viscosity mixture models have 
AAD’s of 29.27%, 28.59%, and 16.12% for NLMM, LMM, and EOCM, respectively. All model results fall 
within the range of literature values for gasoline. No model results fall within the range of literature 
values for crude oil, only LMM falls in the range for diesel fuel, and only LMM and EOCM fall within the 
range for jet fuel. The only model that requires any type of temperature parameter is the EOCM. This is 
the clearest reason why EOCM performs the best.  
Results for the surface tension of similar mixtures are shown in Figure 1c. The surface tension mixture 
models have AAD’s of 10.83%, 9.00%, and 5.99% for STDMM, LMM(ST), and SLMM, respectively.  All 
model results for crude oil fall within the range of literature values. Only SLMM falls in the range for 
diesel fuel and jet fuel. No model results fall within the range of literature values for gasoline. In all cases 
LMM(ST) estimates are less than measured values, and STDMM estimates are greater than measured 
values.  SLMM takes into account the mole fraction of each component in the surface layer and in the 
bulk phase. It assumes that the surface layer is represented by a physical region of constant and uniform 
composition [33], and it assumes an ideal surface for similar compound mixtures where surface and bulk 
activity coefficients equal 1. These are the key differences between SLMM and the other simple models 
and may account for its more accurate estimation values.  
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Results for the interfacial tension of similar mixtures are shown in Figure 1d. The interfacial tension 
mixture models have AAD’s of 42.32%, 41.38%, and 86.41% for LMM(IFT), MSMM, and TMSMM, 
respectively. TMSMM does not fall within the range of literature values for any mixture, but LMM(IFT) 
and MSMM fall within the range of measured values for all complex mixtures except crude oil. The AAD 
values are relatively large because model estimates are well above median literature values. Model 
errors for MSMM and TMSMM may be due to inaccurate estimation of mutual solubility terms in 
addition to the large range of literature values. The mutual solubility terms are known to have a large 
effect on interfacial tension values [18] as discussed in the previous section.  
 
Figure 1. a: Density of Similar Mixtures, b: Viscosity of Similar Mixtures, c: Surface Tension of Similar 
Mixtures, d: Interfacial Tension of Similar Mixtures  with error bars representing entire range of 
literature values  
 
  
 
 
 
 
c) d) 
a) 
b) 
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Properties of Dissimilar Mixtures 
Model predictions of density, viscosity, surface tension, and interfacial tension for dissimilar mixtures 
are shown in Appendix C, and in Figure 2. Various alcohol and hydrocarbon blends are evaluated 
depending on available literature data. There is one model specific to dissimilar mixtures for each 
property. In addition, all models for similar mixtures were also applied to dissimilar mixtures. 
The dissimilar mixture model for estimating density, LDMM, was developed using gasoline and ethanol 
mixtures. The AAD for LDMM is 9.14%, whereas ADD’s for STMM, TMCP, and TMMV are 3.32%, 2.09%, 
and 2.04%, respectively. Water was absent from the mixtures from which LDMM was developed; when 
this model is applied to a mixture containing water it performs poorly. In contrast, the STMM, TMCP, 
and TMMV all perform well. This could be because gasoline and ethanol have similar densities, and 
therefore their mixtures have similar densities as well. 
The dissimilar mixture model for estimating viscosity, EVM, was developed using gasoline and ethanol 
mixtures; water was not considered. The AAD for EVM is 10.78%, whereas NLMM, LMM, and EOCM are 
10.78%, 9.3%, 45.29%, respectively. The larger error for EOCM is because this model only accounts for 
the mole fractions of hydrocarbons in petroleum, which in the case for our dissimilar mixtures is only 
15% of the mixture. NLMM and LMM do not have input parameters that take into account the effects of 
a co-solvent in the mixture. However, this does not adversely affect their results because ethanol and 
heavy hydrocarbons in petroleum have similar viscosities. These results suggest that NLMM and LMM 
can be applied to a wide range of similar and dissimilar mixtures of similar viscosity.  Comparison to 
more data for both density and viscosity is required to determine if the noted models can be applied to 
similar and dissimilar mixtures with greater variability in individual component values. 
The dissimilar mixture model for estimating surface tension, EPM was developed using gasoline and 
ethanol mixtures; water was not considered. The AAD for EPM is 21.32%, whereas LMM(ST), STDMM, 
and SLMM are 8.51%, 5.05%, and 5.81%, respectively. Two reasons cause EPM to have large error; the 
mixture includes water, and benzene has a 25% higher surface tension than gasoline. Since the other 
models were not developed specifically for gasoline, they appear more adaptable to other mixtures.  
The dissimilar mixture model for estimating interfacial tension, EEMM was developed using benzene 
and ethanol mixtures; water was not considered. The AAD for EEMM, LMM(IFT), MSMM, and TMSMM 
are all close to or well over 100%. MSMM performs the best with an AAD of 76.5%. This may be due to 
the fact an activity coefficient is used to account for the dissimilar compounds. However, interfacial 
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tension of dissimilar mixtures still proves difficult to estimate.  The addition of a co-solvent can 
significantly decrease interfacial tension. If enough co-solvent is added, it can change a two-phase 
system to a single-phase system, and reduce the interfacial tension to zero.  The sensitivity of interfacial 
tension to the composition and concentration of co-solvent added may explain the large variation in 
results between models. This large error indicates that dissimilar mixture models for interfacial tension 
do the poorest job among the models considered for predicting the physical properties evaluated in this 
work.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
14 
 
Figure 2. a: Density of Dissimilar Mixtures, Mix1: 88% Gasoline + 12% Ethanol, Mix2: 78% Gasoline + 22% 
Ethanol, Mix3: 5% Gasoline + 95% Ethanol, Mix4: 90% Gasoline + 10% Ethanol, Mix5: 98% Benzene + 1% 
Water + 1% Ethanol, Mix 6: 95% Benzene + 2% Water + 3% Ethanol, Mix7: 91% Benzene + 2% Water + 
7% Ethanol, Mix8: 69% Benzene + 8% Water + 23% Ethanol b: Viscosity of Dissimilar Mixtures, Mix1: 50% 
2-Butanol + 50% Octane, Mix2: 85% Ethanol + 15% Gasoline, Mix3: 85% Methanol + 15% Gasoline, Mix4: 
85% Isopropanol + 15% Gasoline c: Surface Tension of Dissimilar Mixtures, Mix1: 98% Benzene + 1% 
Water + 1% Ethanol, Mix 2: 95% Benzene + 2% Water + 3% Ethanol, Mix3: 91% Benzene + 2% Water + 
7% Ethanol, Mix4: 69% Benzene + 8% Water + 23% d: Interfacial Tension of Dissimilar Mixtures, Mix1: 
99.2% Benzene + 0.1% Water + 0.7% Ethanol, Mix 2: 97.3% Benzene + 0.2% Water + 2.5% Ethanol, Mix3: 
94.9% Benzene + 0.4% Water + 4.7% Ethanol, Mix4: 92% Benzene + 0.7% Water + 7.3%, Mix5: 95% 
Ethanol + 5% Gasoline 
 
 
 
 
 
 
 
 
 
a) 
c) 
b) 
d) 
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CHAPTER 6 
Conclusion 
The density, viscosity, surface tension, and interfacial tension of pure compounds were estimated using 
two models for each property. All models were tested with organic compounds found in gasoline. 
Density and surface tension models have the lowest error; all approximately 5% and under. Viscosity 
and interfacial tension models did not perform as well. The majority of the input parameters for the 
density and surface tension models are accurately measured values.  However, viscosity and interfacial 
tension models have a large number of estimated input parameters which may lead to greater error. 
Based on AAD values for individual compounds in gasoline, the best estimates among the models 
considered for hydrocarbons are obtained using the STM for density, the SDM for viscosity, the TEMP 
for surface tension, and the MSM for interfacial tension.  
Density, viscosity, surface tension, and interfacial tension for similar mixtures were estimated using 
three models for each property. Binary, ternary, and quaternary mixtures were used to gain confidence 
in the models. In addition to these simple mixtures, more complex mixtures of gasoline, diesel fuel, jet 
fuel, and crude oil were tested. Density and surface tension models have the lowest error; all 
approximately 10% and under with the exception of the density estimation for jet fuel using TMCP and 
surface tension estimation for diesel and jet fuel using STDMM. Viscosity models did not perform as 
well. AAD’s for NLMM and LMM are about three times higher than density and surface tension models. 
Estimation of interfacial tension was not as successful; only the MSMM and LMM(IFT) model results 
adequately represented some of the literature data, and AAD errors were in excess of 40%. Density and 
surface tension values of components in a mixture have small variability and therefore can be estimated 
accurately. However, viscosity is very dependent on temperature and interfacial tension is very 
dependent on mutual solubility. Error in the organic solubility in water and water solubility in organic 
may cause large AAD’s, as seen with the interfacial tension models. These conclusions can be applied to 
both pure component estimation models and mixture models. Based on the AAD results, the best 
estimates among the models considered for hydrocarbon mixtures are obtained using the TMMV for 
density, the EOCM for viscosity, the SLMM for surface tension, and the MSMM for interfacial tension. 
Density, viscosity, surface tension, and interfacial tension for dissimilar mixtures were estimated using 
four models for each property. The properties for dissimilar mixtures were calculated using all models 
for similar mixtures in addition to one model for dissimilar mixtures. A surprising result is that at least 
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one model, or in some cases all three, for similar mixtures better predicted the properties more 
accurately than the models for dissimilar mixtures. The models for predicting density, viscosity, and 
surface tension of dissimilar mixtures were specifically developed for gasoline + ethanol, and did not 
include water. EEMM was developed specifically for benzene + water + ethanol mixtures. Based on the 
calculated errors, the best estimates among the models considered for hydrocarbon plus alcohol 
mixtures are obtained using the TMMV for density, the LMM for viscosity, and the STDMM for surface 
tension. We cannot recommend a model for estimating interfacial tension properties of dissimilar 
mixtures because no model adequately captured the measured data.  It is apparent that more research 
needs to be done to test the models for dissimilar mixtures with a broader range of properties, and to 
develop models specific to estimating the physical properties of dissimilar mixtures with water. 
Our results are important because they help researchers and decision makers determine what models 
are most appropriate for predicting density, viscosity, surface tension, and interfacial tension data for 
pure compounds, similar mixtures, and dissimilar mixtures.  They are also important because they 
identify gaps in our ability to predict interfacial tension for dissimilar mixtures, and the need for 
improved models for predicting this physical property.  
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Part II 
NAPL Source Zone Size Reduction Model for Multi-Component NAPL Dissolution and Its Application to 
Remediation of Petroleum Products in Groundwater from Railroad-Tank-Car Spills 
 
CHAPTER 7 
Introduction 
 
Over the last decade, there have been between 38 and 76 hazardous chemical spills by railroads (BOE 
2009), and many of these spills have involved lighter than water nonaqueous phase liquids (LNAPLs).  
Some of the most common LNAPLs are pure phase hydrocarbons such as benzene and xylene, but also 
common are organic chemical mixtures such as gasoline, jet fuel, crude oil, diesel fuel, and various 
ethanol-fuel blends.  A number of chemical spill sites have resulted in long cleanup times for soil and 
groundwater, and high costs that call into question whether some LNAPLs should be shipped in more 
robust tank cars, or whether pricing structures for shipping LNAPLs adequately represent the economic 
risk of chemical spills.  In an effort to address these questions, we previously developed a screening 
model for single component NAPLs in order to predict contaminant migration in soil and groundwater, 
cleanup times, and cleanup costs.  The model, called the Hazardous Materials Transportation 
Environmental Consequence Model (HMTECM) (Yoon et al. 2009), accounts for LNAPL pool formation at 
the ground surface, LNAPL migration through soil, LNAPL lens formation at the groundwater table, 
LNAPL lens volatilization and dissolution and subsequent migration in soil and groundwater, soil cleanup 
via excavation and soil vapor extraction, and groundwater cleanup with pumping and ex situ treatment.  
There is a pressing need to develop a similar screening model for LNAPL mixtures commonly shipped by 
railroad. 
 
Many studies have evaluated NAPL source zone depletion in groundwater (Ruiz-Aguilar 2003).  
Important mechanisms to consider are volatilization to the overlying unsaturated zone, dissolution into 
pore water, and advection and dispersion of NAPL components in and away from the source zone.  Field 
sites are typically heterogeneous, and NAPL is nonuniformly distributed.  As a result, distinguishing the 
mechanisms that control NAPL source zone depletion is often not possible, and upscaled first order 
mass transfer coefficients are used.  Several first order mass transfer coefficients have been developed 
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to described NAPL mass transfer to groundwater, and these are a function of NAPL mass remaining and 
several site specific fitting parameters (Parker et al. 2004, Christ et al. 2006, Basu et al. 2008, Falta 2008) 
that depend on the distribution and morphology of NAPL, and the distribution of permeability.  Existing 
upscaled mass transfer expressions have only been developed for single component NAPLs; they cannot 
be easily extended to multi-component NAPLs because they do not account for the mole fraction of 
NAPL components in a mixture or potential co-solvent effects. 
 
Another approach to describe NAPL mass transfer to groundwater has been to develop simplified 
analytical or semi-analytical models that assume NAPL is locally in equilibrium with pore water, and 
dissolution is limited by advection and dispersion of pore water away from the NAPL source (Huntley et 
al. 2002a, Falta 2003, Yoon et al. 2009, Peter 2008).  The advective flux term is a function of relative 
permeability, which depends on NAPL saturation, and the dispersive flux term accounts for NAPL mass 
transfer to adjacent pore water (Hunt et al. 1988).  These models have primarily been used to model 
source zone depletion of single-component NAPLs (Falta 2003, Yoon et al. 2009), and in some cases 
source zone reduction over time was not considered (Huntley et al. 2002a, Peter et al. 2008, Hansen et 
al. 2007).  There is a need to extent these semi-analytical models to consider multi-component LNALs, 
and to incorporate other mass removal mechanisms such as volatilization to the overlying soil.  
 
Co-solvents represent another complexity that impacts NAPL source zone depletion.  They are 
increasingly important due to the rapid growth in production of ethanol-blended fuels (e.g., E95 with 
95% ethanol and 5% gasoline).  A number of studies have investigated the impact of co-solvents on 
plume length and exposure risk (Powers et al. 2001b, McDowell et al. 2003, Capiro et al. 2007, Gomez et 
al. 2009).  Ethanol was found to inhibit the natural attenuation of fuels by preferentially consuming 
electron acceptors and nutrients (Powers et al. 2001b), and this extended the migration distance of 
more toxic BTEX compounds.  Co-solvents are highly soluble, and affect the solubility of other NAPL 
components when present in sufficient quantities.  There is a need to incorporate co-solvent effects into 
NAPL source zone depletion models.  
 
The objectives of this work are to develop a new semi-analytical source zone depletion model for multi-
component LNAPLs (i.e., mixture), and to incorporate this into the Hazardous Materials Transportation 
Environmental Consequence Model (HMTECM) in order to predict the relative impact of organic 
chemical mixtures released from railroad tank car accidents on soil and groundwater contamination and 
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cleanup times (Yoon et al. 2009).  The new semi-analytical model will first be tested by comparing 
results to those from a numerical model, and from another semi-analytical model that does not consider 
source zone reduction. The updated HMTECM will then be used to perform a sensitivity analysis with 
key input parameters to determine the impact on groundwater cleanup times, and to predict 
groundwater contamination and cleanup times for mixtures of concern in the railroad industry, i.e., 
gasoline, diesel fuel, crude oil, and E95.  
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CHAPTER 8 
Model Development 
A complete description of the HMTECM for single component LNAPLs can be found in Yoon et al. (2009).  
The HMTECM consists of three modules.  These are the soil module, the groundwater module, and the 
pumping module.  The soil module accounts for LNAPL pooling and volatilization at the ground surface, 
LNAPL migration through soil to groundwater, and LNAPL lens formation at the groundwater table.  In 
this work, we do not alter the soil module.  Instead, mixtures are assigned bulk properties and the same 
equations that describe soil module processes for single component LNAPLs are used to describe these 
processes for multi-component LNAPLs, as in the Hydrocarbon Spill Screening Model (HSSM) (Weaver et 
al. 1994, Charbeneau et al. 1995) developed by the U.S. Environmental Protection Agency (EPA).  
 
The groundwater and pumping modules were both changed in this work.  The groundwater module 
previously accounted for single component LNAPL mass transfer to soil by assuming local equilibrium 
with the pore gas and rate limited diffusion through the soil, and for rate-limited mass transfer from 
single component LNAPL to groundwater by using a semi-analytical solution that accounts for local 
equilibrium between the LNAPL and pore water, and advection and dispersion of aqueous phase LNAPL 
in and downgradient from the source zone.  The LNAPL source zone was reduced over time as mass 
dissolved.  These processes are illustrated in Figure 7.1.  In this work, a similar approach was used except 
that a multi-component LNAPL was considered in equilibrium with pore gas and pore water, the mole 
fraction of individual LNAPL components was tracked over time, the LNAPL composition did not vary 
spatially, and the transport of individual LNAPL components in groundwater was simulated.  
 
The pumping module previously assumed that the groundwater domain is homogeneous, isotropic, and 
characterized by constant flow, and that the Dupuit assumption can be used for pumping (i.e., 
unconfined aquifer with fully penetrating well).  Based on these assumptions, two different sets of 
pumping wells were determined, one for the NAPL source zone and one for the contaminated 
groundwater plume.  In this work, the same approach was used to determine the location and number 
of pumping wells.  However, new cleanup criteria were used for mixtures, and the cleanup time was 
affected by the new LNAPL source zone reduction model.   
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Figure 3. Illustration of processes that affect source zone reduction (modified from Yoon et al. (2009) 
 
 
Source Zone Reduction Model (SZRM) for a multi-component LNAPL 
The new source zone reduction model (SZRM) considers a three-dimensional LNAPL lens that shrinks 
over time as mass partitions to the aqueous and gas phases.  The aqueous concentration of each 
component within the LNAPL source zone is assumed to be in equilibrium locally with the LNAPL phase.  
For similar compounds in a mixture (such as petroleum hydrocarbons in gasoline), the activity 
coefficients are assumed to be unity (Corseuil et al. 2004).  In the absence of a co-solvent, the solubility 
of mixture component i in water (
m
iw,C ) is calculated according to Raoult’s Law: 
 
i w,
o
i
m
i w, CxC          
(1)   
 
where 
o
ix  is the mole fraction of compound i in the organic phase and iw,C  is the aqueous solubility of 
the pure chemical i in water.  The gas concentration of each component within the NAPL source zone is 
also assumed to be in equilibrium locally with the LNAPL phase, and the vapor phase form of Raoult’s 
law is similarly used.  
 
In the presence of a co-solvent (e.g., ethanol), the linear/log-linear model by Heermann and Powers 
(1998) was incorporated into the HMTECM to estimate solubility enhancement.  The linear/log-linear 
model is expressed as: 
 
Vertical
Dispersive
Flux
Dispersive
Flux
qw,max
qw(Sw)
Diffusive flux to
ground surface
Horizontal
Dispersive Flux
Advective
Flux
Groundwater
Source Planes
Horizontal
Dispersive 
Flux
22 
 


 





 fx
f
x
f o
i
o
i i ,i w,
m
i CC1C   (2) 
    




 















 ff
f
x
f o
ic
o
i i ,i ,
m
i Cln
1
Cln
1
1Cln
  (3)
 
 
where Ci
m is the solubility of mixture component i in in an aqueous-cosolvent (i.e., ethanol) mixture, f is 
the volume fraction of cosolvent in water (ethanol / (water + ethanol)), β is the volume fraction of 
cosolvent in water coinciding with the breakpoint between the linear model (eq. (2)) and the log-linear 
model (eq. (3)), Cβ,i is the solubility of component i in the cosolvent mixture at the ethanol volume 
fraction (β), Cc,i is the solubility of component i in the pure cosolvent, and fi
o is the organic phase volume 
fraction of component i. If f is greater than β (eq. (3)), the cosolvency effect increases logarithmically.  If 
there is no ethanol (f=0), then the model becomes Raoults’ Law.   
 
In our previous source zone depletion model for pure LNAPLs, the source zone was discretized to 
account for mass reduction in each cell (Yoon et al. 2009).  In our new model, we assume that all 
components of a mixture are ideally mixed within the source zone.  This implies that spatial variations of 
LNAPL are not important (Huntley et al. 2002a, Peter et al. 2008, Hansen et al. 2007).  This assumption 
allows us to use a relatively simple and computationally efficient analytical solution to account for 
transient LNAPL dissolution over time, which allows for incorporation of any number of mixture 
components.  We initially considered using a numerical scheme and accounting for the mass reduction 
in each cell, but this was deemed too computationally demanding for a screening model.  Full details of 
the analytical equations used to describe multi-component LNAPL dissolution are reported in the 
literature (Huntley et al. 2002a, Peter et al. 2008, Yoon et al. 2009), so only equations for each flux term 
(Fig. 1) are summarized here.  The unique aspects of our model are combining these equations with a 
vapor flux term, and accounting for source zone size reduction over time. 
 
1. The advective flux of a compound through the LNAPL source (lens and residual), Jadv,i , is the product 
of the water specific discharge (qw) and the effective solubility of a component i (
eff
iw,C ); 
 effiw,wi adv , CqJ         (4)   
 
The groundwater specific discharge varies as a function of water saturation: 
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where krw is the water relative permeability, k is the intrinsic permeability of the soil, w is the water 
density, g is the gravitational constant, w is the water viscosity, and i is the hydraulic gradient.  
 
2. The dispersive flux from the z-direction (i.e., the bottom of the source zone) is expressed as:  
 
   )L/(v4DCCJ xxi t,i in,effiw,i disp_z,     (6) 
 
where Cin, i is the influent dissolved concentration of a compound i, θ is the porosity, Dt, i is the transverse 
dispersion coefficient, vx is the water pore velocity, and Lx is the horizontal distance along the NAPL 
source zone. The same approach is used in the y-direction.  The hydrodynamic dispersion coefficient is 
given by: 
  txi eff,i t, vDD        (7) 
 
where Deff, i is the effective diffusion coefficient of compound i in water and αt is the transverse 
dispersivity in the z-direction. The effective diffusion coefficient is the product of the tortuosity, which is 
simply porosity in this study, and the aqueous diffusion coefficient (Grathwohl 1998). The transverse 
dispersivity can be obtained from available field scale experimental data (Eberhardt et al. 2002, Klenk et 
al. 2002, Cirpka et al. 2006). 
 
3. The vapor diffusive flux accounts for LNAPL volatilization from the LNAPL lens, and is described using 
Fick’s First Law for steady-state vapor transport toward the ground surface with a zero concentration 
boundary:  
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where Jv, i is the vapor diffusive flux of a compound i from the top of the LNAPL to the ground surface, 
Dveff, i is the effective vapor diffusion coefficient, Cvsat, i is the saturated gas concentration, and Zdepth is the 
distance from the top of the LNAPL to the ground surface.  Dveff, i is computed using the Millington and 
Quirk (1961) equation. 
 
4. Total mass removal over the time interval (dt) from these processes can be summed: 
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where Ly and Lz are the width and depth of the LNAPL source zone and a factor of two in front of Jdisp_y,i is 
due to the symmetrical geometry of the source zone in the y-direction.   
 
Per Eq. (9), the advective, dispersive, and vapor mass fluxes are proportional to the cross-sectional area 
for each flux component.  Since the source zone size decreases over time, the fluxes decrease 
proportionally.  This concept is incorporated into the four components of volumetric flux from the 
source zone.  The source zone length (Lx) is reduced by the advective flux in the x-direction, the source 
zone width (Ly) by the dispersive flux in the y-direction, and the source zone depth (Lz) by the dispersive 
flux and vapor diffusive flux in the z-direction.  Time-dependent source zone lengths are expressed as: 
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where Li is the dimension of the source zone in the i direction, dt is the time interval between t and t+1, 
 is the density of each component, and VNAPL (t) is the NAPL volume within the source zone at time t.   
 
Model Comparison 
Results from the SZRM were compared to those from a numerical model and from a semi-analytical 
model without source zone reduction.  The numerical model was developed by Frind et al. (1999), and it 
considers three-dimensional advection and dispersion, and first-order NAPL dissolution.  It was 
successfully tested against a 1-D analytical dissolution model (Powers et al. 1992) and published field-
scale data (Frind et al. 1999).  Two simplified semi-analytical models were initially considered; one was 
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developed by Huntley et al. (2002a) and another by Hansen and Kueper (2007).  Both models employ 
the steady-state dispersion equation for NAPL dissolution from the source zone to surrounding 
groundwater (Hunt et al. 1988), and the change in effective solubility of each component in a mixture 
due to dissolution.  However, neither model includes source zone reduction.  For a constant source zone 
size, results from the two (semi) analytical models were almost identical (results not shown), so we used 
the model of Huntley et al. (2002a) without source zone reduction for model comparison.  This will be 
referred as the source zone constant model (SZCM) in this work.   
 
Mixture composition from a field site experiment (Frind et al. 1999) listed in Appendix D was used to 
create three different example problems, or cases, for model comparisons.  Key transport properties 
used in the cases are listed in Appendix E.  The example mixture contained trichloromethane (TCM), 
trichloroethylene (TCE), and perchloroethylene (PCE) in order of solubility.  The three cases each 
contained a 1.5 m-long, 0.3 m-wide, by 0.1 m-deep source zone.  In Case 1, the source zone was 
uniformly contaminated with the NAPL mixture at residual saturation and the SZRM was compared to 
both numerical model and SZCM results.  In Cases 2 and 3, the domains contained the residual NAPL and 
a NAPL pool, but with different groundwater velocities, and the SZRM was compared to numerical 
model results only.  NAPL saturations were 0.06 and 0.3 for the residual NAPL and the NAPL pool, 
respectively.  Clean water was flushed through the domain in each case.  The numerical grid consisted of 
grid blocks 0.1m long, 0.05 m wide, by 0.02 m tall, and the numerical domain was 1.5 m-long, 3 m-wide, 
by 1.5 m-deep.   
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Figure 4. Comparison of (a) effluent concentrations and (b) mass remaining for NAPL components 
determined with the source zone reduction model (SZRM), a numerical model, and the source zone 
constant size model (SZCM).  For Case 1 the source zone contained uniformly distributed NAPL at 
residual saturation (0.06).  
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Figure 5. Comparison of effluent concentrations for NAPL components determined with the source zone 
reduction model (SZRM) and a numerical model for different initial NAPL saturations and groundwater 
velocities (qx) (a) qx = 0.864 m/d and NAPL saturation = 0.06 (Case 2) and (b) qx = 0.0864 m/d and NAPL 
saturation = 0.3 (Case 3).  For both cases, a mass transfer rate in the numerical model = 3.0 /day.   
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HMTECM 
The SZRM was added to the groundwater module of the HMTECM.  The groundwater module was also 
modified to include advective and dispersive transport of mixture components downgradient from the 
NAPL source zone.  This was done using the principle of superposition to solve for multi-component 
transport in groundwater with the Domenico (Domenico 1987) solution that includes Martin-Hayden 
and Robbins (Martin-Hayden et al. 1997) improvements.  As explained previously, the pumping module 
consists of two parts including a network of pumping wells to compute the velocity field and subsequent 
NAPL source zone depletion by pumping.  The pumping system (i.e., pump locations and the number of 
pumping wells) was not directly modified due to the fact that NAPL saturation of a mixture or pure 
component can be computed in the same way.  However, the source zone depletion during pumping 
was updated with the SZRM. The arrival time distribution (Nelson 1978) for a capture zone was used to 
determine the maximum cleanup time for the contaminated groundwater plume, which was extended 
to a multi-component system without competitive sorption effects.  A more complete description of the 
groundwater module including the relevant mathematical formulae is given by Yoon et al. (2009).   
 
The HMTECM was modified to consider as end points for cleanup a threshold value for total petroleum 
hydrocarbons (TPHs) and maximum contaminant levels (MCLs).  The TPH describes the total 
concentration of all LNAPL mixture components in soil or groundwater; the MCL describes the maximum 
aqueous concentration of regulated toxic compounds (i.e., benzene, toluene, ethylbenzene, and xylenes 
(BTEX)).  The TPH and BTEX concentrations in groundwater were calculated over 10 m x 10 m cross-
section normal to the groundwater flow direction and 10 m down-gradient from the source zone (i.e., 
flux-based concentrations), which are compared to the TPH-water and MCL-BTEX cleanup criteria.  The 
TPH concentration in soil was computed over the initial source zone volume, which is compared to the 
TPH-soil criterion.  Default values for TPH cleanup criteria are from guidelines developed by the Agency 
for Toxic Substances and Disease Registry (ATSDR 1999).  In this work, we assume that cleanup is 
achieved when all flux-based concentrations for BTEX and TPH are below MCLs and the TPH-water 
criterion, and additionally in some cases when the TPH concentration in soil is below the THP-soil 
criterion.   
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CHAPTER 9 
Mixture Problems 
Four hydrocarbon mixtures commonly transported by railroad were used to demonstrate the effects of 
chemical properties on cleanup time; these are gasoline, diesel fuel, crude oil, and E95.  Key properties 
of the individual components and groups within the mixtures are shown in Appendix F.  The BTEX 
components of all mixtures were separately tracked due to their adverse impact on health and low MCL 
values.  The remaining components in gasoline were categorized into 11 groups for alkanes, alkenes, 
and high molecular weight compounds based on Foster et al. (2005).  The remaining components in 
diesel fuel and crude oil were categorized into five groups based on chemical structure.  Although there 
is very little computational burden on the number of components in a mixture, the use of groups allows 
us to analyze the results more easily, e.g., determine what class of compounds limits cleanup. The 
density, vapor pressure, and diffusion coefficient for each group were calculated using a simple linear 
mixing rule based on the mole fraction of each component in a group (Foster et al. 2005, Huntley 
2002b).  Except for E95, the same approach was used for calculating aqueous solubility.  The linear/log-
linear model was used to calculate the solubility for E95 (Eqs. (2)-(3)). 
 
Three soil types were evaluated: coarse sand, fine sand, and silt.  The hydrogeologic properties, 
transport parameters, and system parameters for these are given in Appendix G.  The soil module was 
used to simulate four different chemical spill volumes for gasoline: 2.48 m3, 13.82 m3, 49.64 m3, and 
89.35 m3. These spill volumes were chosen to represent 2.5 %, 12.5 %, 50 %, and 90 % of a railroad tank 
car volume (99.3 m3).  The approximate thicknesses of the LNAPL lens and residual zone were 0.1- 0.2 m 
and 0.5 – 1.5 m, respectively.  As previously described [2], the LNAPL lens and residual zone were 
approximated as different size rectangular boxes based on LNAPL distributions that result from the soil 
module.  The initial LNAPL distributions for gasoline were used for other mixtures to facilitate 
comparison of contaminant migration and cleanup among different chemical mixtures.   
 
A sensitivity analysis was performed for gasoline to determine the effects of five parameters on cleanup 
time: the MCL for BTEX (i.e., MCL-BTEX), TPH-water criterion), TPH-soil criterion, aqueous solubility, and 
source zone dispersivity.  Simulations were initially performed for the reference values in Appendix F, 
and then each parameter value was varied individually as also noted in Appendix H.  TPH-water criteria 
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an order of magnitude greater and less than the reference value and TPH-soil criteria five times greater 
and less than the reference value were evaluated.  The TPH-water criterion was changed more than the 
TPH-soil criterion because the former is characterized by a wider range of values (ATSDR 1999).  The 
MCL-BTEX values represent the most stringent cleanup criteria, so values one order of magnitude 
greater than reference values were used in the sensitivity analysis.  Dispersivity values vary from the mm 
to m scale (Eberhardt et al. 2002, Klenk et al. 2002, Huntley et al. 2002a), so these values were increased 
and decreased by an order of magnitude from the reference value.  The ratio of dispersivity in the y-
direction to the z-direction was kept constant (= 2). The solubility values of each chemical group and 
BTEX in a mixture were increased and decreased by 50 % from reference values (Appendix F).  For MCL-
BTEX, solubility, and dispersivity cases, the MCL-BTEX and TPH-water criterion were applied, for TPH-
water cases only the TPH-water criterion was applied, and for TPH-soil cases both the TPH-water and 
TPH-soil criteria were applied.  In all sensitivity simulations, a depth to groundwater of 3 m and a 90% 
spill case were considered, and both coarse and fine sands were evaluated. 
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CHAPTER 10 
Results and Discussion 
For Case 1, the SZRM results are compared to numerical model and SZCM results in Figure 7.2 and 7.3.  
Both the SZRM and SZCM results coincide with those for the numerical model for the highest solubility 
compound (TCM).  For the intermediate and low solubility compounds (TCE and PCE, respectively), the 
SZRM and numerical model results are similar, and differences in time to reach 10% of the initial 
effluent concentration or mass remaining are generally within 20 %.  The SZCM and numerical model 
results are also similar for the intermediate solubility compound (TCE), with differences in the time to 
reach 10% of the initial effluent concentration (Ceff) or mass remaining less than 18 %.  However, the 
SZCM does a poor job of matching SZRM and numerical model results for the lowest solubility 
compound.  This is most evident after TCE is completely removed, resulting in a much shorter removal 
time.  This is mainly due to the constant source zone size with decreasing LNAPL saturation in the SZCM.  
For example, if the length of the source zone in each direction is reduced by 25 %, the mass removal 
rates (Eq. (9)) from the dispersive flux, advective flux, and diffusive flux in the SZRM are 35 %, 44%, and 
44 % lower than those in the SZCM, respectively, resulting in faster removal with the SZCM.   
 
For Cases 2 and 3, the effect of groundwater velocity and NAPL saturation in the source zone on Ceff was 
evaluated (Fig. 3).  For high groundwater flow (qx = 0.864 m/d) and a low residual LNAPL saturation 
(0.06) (Case 2, Fig. 3a), Ceff was almost identical for both the SZRM and numerical model.  The advective 
and dispersive fluxes in Case 2 are linearly proportional to the groundwater velocity (Eqs. (4) and (6)), 
resulting in fast mass removal.  Hence, the SZRM can account for mass removal kinetics under fast mass 
removal conditions.  For intermediate groundwater flow (qx = 0.0864 m/d) and high NAPL saturation 
(Sn=0.3) (Case 3, Fig. 3b), differences in time to reach 10% of the initial mass remaining are within 24 %.  
Hence, the SZRM and numerical model profiles are similar but show more discrepancy than for the 
lower NAPL saturation case in Fig. 3a.  This is mainly because NAPL composition and saturation is 
averaged spatially in the SZRM.  As NAPL saturation in source zone increases, NAPL along the boundary 
of the source zone is removed faster over time in the numerical model.  However, NAPL saturation in 
the SZRM is averaged over the source zone, resulting in less advective flux compared to the numerical 
model.  Given that there is no fitting parameter in the SZRM and transverse dispersion coefficients were 
the same for both models, we propose that the errors in cleanup time are adequately small for a 
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screening model and the computationally efficient SZRM adequately captures the overall removal 
kinetics and source zone longevity predicted by the numerical model. 
 
Sensitivity Analysis 
Sensitivity results for cleanup times using the SZRM are shown in Figure 9.1.  Increasing MCL-BTEX by 
one order of magnitude does not change the cleanup time in both sands.  This is because when all BTEX 
concentrations drop below the MCL-BTEX values (1048 and 2314 days in coarse and fine sands, 
respectively), the TPH-water values in both sands were still higher than the TPH-water criterion (1.0 
mg/L).  Hence, the overall cleanup time is determined by the TPH-water value.  This explains why the 
reference MCL-BTEX has the same cleanup time as the reference TPH-water criterion.  In contrast, 
lowering MCL-BTEX by one order of magnitude increases the cleanup time by 347 % and 138 % in coarse 
and fine sands, respectively.  In this case, the TPH-water value was lower than the TPH-water criterion in 
the reference case, so the overall cleanup time is the same as the cleanup time of BTEX.   
 
Lowering the TPH-water criterion to 0.1 mg/L increases the cleanup times by 304 % and 143 % in coarse 
and fine sands, respectively.  Increasing the TPH-water criterion to 10 mg/L significantly decreases the 
cleanup times to 14 % and 32.5 % of the reference case in coarse and fine sands, respectively. As the 
source zone is removed, the cross-sectional area of the source zone decreases, resulting in lower TPH-
water concentrations over the control plane located 10 m downgradient from the source zone.  This 
occurs even though TPH-water concentrations along the centerline of the source zone are greater than 
the reference TPH-water criterion.  This shows the dramatic difference between using flux-based 
concentrations and point-based concentrations.   
 
Gasoline has cleanup times of 8500 and 13140 days in the coarse and fine sands, respectively, with the 
reference value for the TPH-soil criterion.  Lowering the TPH-soil threshold to 1000 mg/kg increases 
cleanup time by 49 % and 90 % in the coarse and fine sands, respectively.  Increasing the TPH-soil 
threshold to 25,000 mg/kg resulted in the same cleanup times as in the reference TPH-water criterion 
case.  This is because 25,000 mg/kg of TPH approximately corresponds to 20% residual NAPL saturation 
in soil (a very high contaminant loading), and the TPH-soil criterion can be easily met after the TPH-
water criterion is met.  Inclusion of TPH-soil as a cleanup criterion significantly increases the cleanup 
time, in particular for coarse sand.  This is because higher solubility components in gasoline are removed 
faster in coarse sand, resulting in lower flux concentrations in groundwater downgradient, even though 
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the TPH-soil concentration in the source zone is still high.  This indicates that the cleanup time is 
controlled by multiple cleanup criteria and can be determined by different criteria under different 
conditions.  Hence, it is better to apply multiple cleanup criteria depending upon actual conditions. 
 
Lowering the dispersivity from 0.05 m to 0.005 m increases cleanup times by 35 % and 36 % in coarse 
and fine sands, respectively.  Increasing the dispersivity from 0.05 m to 0.5 m decreases cleanup times 
by 46 % and 44% in coarse and fine sands, respectively. Dispersivity is directly related to the overall 
mass transfer kinetics of LNAPL to the aqueous phase.  According to Eq. (6), increasing the dispersivity 
by one order of magnitude increases the overall flux by a factor of 3.16 (= 10 ).  However, according to 
Eq. (9), the overall mass removal rate decreases with decreasing source zone size.  Hence, increasing the 
dispersivity leads to opposing effects that in sum increase the rate of NAPL mass transfer to the aqueous 
phase, but by a factor less than 3.16.  For our conditions, a change in dispersivity by one order of 
magnitude affects by a factor of two the cleanup time.    
 
Lowering solubility values by 50 % decreases cleanup times by 30 % and 18 % in coarse and fine sands, 
respectively.  Increasing solubility by 50% increases cleanup times by 25 % and 0 % in the coarse and fine 
sands, respectively.  Although overall mass removal rates in the source zone are less with lower 
solubility values, the flux-based concentrations downgradient from source zone decrease faster due to 
lower solubility values.  This results in a shorter time to reach the TPH-water criterion in this particular 
case, and vice versa for the higher solubility case.  This suggests that if the solubility of gasoline 
components increases due to the presence of ethanol, cleanup times may increase.  It is important to 
note that when we use the TPH-soil criterion as the cleanup goal, increasing solubility will result in 
shorter cleanup times.  However, if solubility changes by 2-3 times, the higher solubility will decrease 
the cleanup time much faster. 
 
For all soil types, cleanup time increases with decreasing permeability. Although initial NAPL volume in 
groundwater is approximately 60% smaller in fine sand than in coarse sand, cleanup time increased 
mainly due to the smaller hydraulic conductivity.  
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Figure 6.  Sensitivity of cleanup time for gasoline in coarse and fine sands to changes in the TPH-soil 
criterion, TPH-water criterion, MCL-BTEX, dispersivity, and solubility.  The upper and lower bars 
represent the cleanup times corresponding to the parameter values listed in Appendix H.   
 
Figure 7. Cleanup Time of E95, gasoline, diesel fuel, and crude oil for four difference spill volumes in 
coarse sand, fine sand, and silt. A percent spill represents the percent of a tank volume of 99.3 m3, a size 
typical of tank cars used for many NAPL mixtures. 
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Effect of chemical properties and removal mechanisms on cleanup time 
Cleanup times for the four mixtures are shown in Figure 9.2 using the reference parameters listed in 
Appendix H. As previously noted, the initial LNAPL distribution is the same for all mixtures in each soil 
type.  Average solubility values of mixtures decrease from E95, to gasoline, to crude oil, to diesel fuel.  
Cleanup time is inversely proportional to average solubility values, as discussed in the sensitivity 
analysis.  This results in cleanup times as short as 20 days for E95, and as long as 62288 days for diesel 
fuel.  Although E95 has the shortest cleanup time, there are some negative implications. Ethanol 
increases the solubility of hydrocarbons in the gasoline mixture. This results in greater concentrations of 
BTEX (as well as other hydrocarbons) and extended downgradient contamination in groundwater before 
pumping begins; hence, more pumping wells are required for E95 than for other mixtures in order to 
remove the contaminated groundwater plume.  Diesel fuel has the smallest mole fraction of BTEX, 
which accounts for the highest solubility compounds in gasoline, and has no groups with solubility over 
100 mg/L; in contrast, gasoline has four groups with solubility over 100 mg/L.  The two highest solubility 
groups in diesel fuel are approximately two orders of magnitude smaller than the two highest solubility 
groups in crude oil because more individual components with greater solubility are included in the 
composition of crude oil. This explains why diesel fuel has a much longer cleanup time than other 
mixtures (Fig. 5).  
 
Soil permeability decreases from the coarse sand, to the fine sand, to the silt.  Cleanup times increase as 
soil permeability decreases for the same amount of NAPL in the source zone.  For example, cleanup 
times for diesel fuel, 50 % spill, in coarse sand, fine sand, and silt are 19780, 41420, and 54820 days, 
respectively. Different LNAPL volumes reach groundwater for the different soil types.  For example, less 
LNAPL reaches the groundwater table in silt because it has the lowest permeability.  In fact, no LNAPL 
reaches the groundwater for spill volumes less than 50 % in silt.  Consequently, cleanup times for silt are 
only shown for the 50% and 90% spill volumes. For the 50 % spill volume case, approximately 60 % less 
NAPL reaches groundwater in silt than in coarse sand, but silt cleanup times are 2000 days longer due to 
slower mass removal rate in the low permeability soil.  
 
The cumulative mass removal and total mass remaining for BTEX and TPH in gasoline and E95 were 
calculated in coarse and fine sands in order to evaluate the mechanisms that control removal.  The 
results are shown in Figure 9.3.  For gasoline, the diffusive vapor flux controlled TPH removal and the 
diffusive vapor flux and dispersive flux controlled BTEX removal in coarse and fine sands.  This is due to 
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the relatively high fraction of gasoline components (> 50%) with vapor pressures greater than 0.1 atm 
and shallow groundwater depth (3 m) (Appendix F).  Mass removal by dispersion was greater than 
advection, which is mainly due to reduction of the water relative permeability in the NAPL lens (i.e., 
relative permeability = 0.037 at Sn = 0.35).  In particular, the contribution from advection is much smaller 
in fine sand because water flow is slow and the cross-sectional area of the NAPL source zone is much 
smaller in the main flow direction.  It is noted that TPH removal is always greater than BTEX removal due 
to BTEX being a small fraction of the TPH.  As more soluble and/or volatile components in gasoline are 
removed, the mole fraction of these components decreases, while the mole fractions of less soluble 
components increase.  For example, benzene is relatively volatile and soluble.  Over time, the mole 
fraction of benzene decreased, resulting in prolonged mass removal due to its lower effective solubility 
and vapor pressure.  This is a main reason why BTEX removal profiles in both soil types show a long tail.     
 
For E95, the dispersive flux controlled both TPH and BTEX removal in coarse and fine sands. This is due 
to the high solubility of ethanol which makes up 95% (by volume) of the mixture.  It is also clear that a 
small source zone area due to high E95 saturation and less spreading in groundwater resulted in a low 
mass removal by diffusive vapor flux.  Regarding BTEX, the vapor pressures of its components are 
reduced by its low mole fractions.  As ethanol in E95 is removed quickly, the solubility model changes 
from the log-linear to linear models.  This transition slows the BTEX removal down (Fig. 6 (c) & (d)).  
After a majority of ethanol was removed, the effect of cosolvent is negligible and BTEX removal is 
relatively prolonged in both coarse sand and fine sand.   
 
The removal mechanisms and cleanup time scale for gasoline and E95 were very different.  The time 
scale for gasoline ranges from 8-16 yrs in coarse sand and fine sand, whereas it is much shorter in E95, 
ranging from 0.16 – 0.4 yrs.  E95 was predominantly removed by dispersion because of its high 
solubility, while a low vapor pressure and high initial saturation contributed to low mass removal by 
vapor diffusion and advection.  TPH components in gasoline were predominantly removed by diffusive 
vapor flux because of its high vapor pressure and BTEX components by diffusive vapor and dispersive 
fluxes, while its low solubility contributed to low mass removal by advection.   
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Figure 8. Cumulative Mass Removal of BTEX and TPH in Gasoline (a and b) and E95 (c and d) in coarse 
sand (left) and fine sand (right). Depth to groundwater is 3 m and spill volume is 90 % (89.35 m3). Mass 
remaining (right hand y-axis) corresponds to the total mass of BTEX and total mass of TPH (solid lines). 
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CHAPTER 11 
Conclusion 
This paper presents a new semi-analytical source zone reduction model (SZRM) to account for kinetic 
mass removal from multi-component organic mixtures over time.  The newly developed SZRM was 
tested against a 3-D numerical model for several different conditions with adequate results.  Since the 
SZRM can be easily incorporated into any existing model framework, it was added to the NAPL 
dissolution and volatilization module of the HMTECM.  The updated HMTECM was used to assess the 
influence of chemical properties on cleanup times with a pumping system.  Four mixtures commonly 
shipped by railroad tank cars were considered to evaluate the effects of certain adjustable parameters 
on cleanup time, as well as the effects of chemical properties, soil permeability, and spill volume. 
 
A sensitivity analysis on cleanup time was performed using gasoline as a model mixture. Increasing TPH-
soil criterion and TPH-water criterion, or increasing MCL-BTEX directly decreases cleanup time. With 
greater cleanup criteria the cleanup is achieved in a shorter time. A higher dispersivity value 
corresponds to faster cleanup time due to a greater dispersive mass flux from the source zone. 
Increasing the solubility of each group in the gasoline mixture will decrease cleanup time. The reason 
being high solubility compounds are easily removed by a pumping system.  
 
Cleanup times for four different mixtures (E95, gasoline, crude oil, diesel fuel) in three different soil 
types with a 3 m depth to groundwater were evaluated.  The solubility of the individual components 
within the mixture has the greatest impact on cleanup time. The higher solubility mixture, E95, has a 
faster cleanup time due to increased efficiency of the pumping system as seen in the sensitivity analysis. 
The lower solubility mixtures, gasoline, crude oil, and diesel fuel have longer cleanup times because they 
lack high solubility ethanol.  
 
Mass removal by three removal mechanisms was evaluated: advection, dispersion, and volatilization. 
TPH in gasoline is primarily removed by vapor flux to the ground surface due to its high vapor pressure 
and shallow groundwater depth (3 m), and BTEX in gasoline is primarily removed by both dispersive flux 
and vapor flux. E95 is mostly removed by dispersion due to its high solubility. Mass removal time is 
much shorter for E95 than for gasoline because of E95’s high solubility. However, because of the co-
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solvent effect, BTEX components in E95 can reach high concentrations compared to if ethanol was not 
present. 
 
To improve upon the HMTECM, it is advised to integrate biodegradation and natural attenuation of 
contaminants because these remediation processes are especially important for petroleum 
hydrocarbons. This integration will help in estimating more accurate cleanup times. Also, other 
remediation options can be used, such as in-situ air sparging, along with pump and treat or as an 
alternative method. 
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APPENDIX A: Petroleum Product Composition 
Gasolinea Crude Oilb Diesel Fuelb Jet Fuelb 
    
propane Aromatics Aromatics Aromatics 
butane benzene benzene benzene 
2-methylpropane toluene toluene toluene 
pentane 1,2-diethylbenzene ethylbenzene ethylbenzene 
hexane ethylbenzene p-xylene m-xylene 
heptane p-xylene m-xylene p-xylene 
octane m-xylene o-xylene o-xylene 
2-methylbutane o-xylene 1,3,5 trimethylbenzene isopropylbenzene 
2-methylpentane 1,2,4-trimethylbenzene n-propylbenzene n-propylbenzene 
2-methylhexane 1,3,5-trimethylbenzene 
1-methyl-4-
isopropylbenzene 1-methyl-3-ethylbenzene 
2-methylheptane 1,2,3-trimethylbenzene n-butylbenzene 1-methyl-4-ethylbenzene 
2,2,5-trimethylhexane isopropylbenzene 
 
1,3,5-trimethylbenzene 
2-methylnonane n-propylbenzene Isoalkanes 1,2,3-trimethylbenzene 
2-methyldecane 1,2,3,5-tetramethylbenzene 3-methylundecane 1-methyl-2-ethylbenzene 
nonane 1,2,4,5-tetramethylbenzene 2-methyldodecane 1,2,4-trimethylbenzene 
decane 1,2-dimethyl-4-ethylbenzene 3-methyltriedcane 1,3-diethylbenzene 
undecane 1,3-dimethyl-5-ethylbenzene 2-methyltetradecane 1,4-diethylbenzene 
2-methylpropene 
1-methyl-4-
isopropylbenzene pristane 1-methyl-4-propylbenzene 
1-butene indane phytane 1,3-dimethyl-5-ethylbenzene 
2-pentene sec-butylbenzene 
 
1-methyl-2-isopropylbenzene 
1-hexene t-butylbenzene Alkanes 1,4-dimethyl-2-ethylbenzene 
1-heptene 1-methyl-2-ethylbenzene nonane 1,2-dimethyl-4-ethylbenzene 
2-methyl-2-butene 1-methyl-3-ethylbenzene decane 1,2,3,4-tetramethylbenzene 
2-methyl-1-pentene 1-methyl-4-ethylbenzene undecane 1-ethylpropylbenzene 
2,3,3-trimethyl-1-butene 
 
dodecane 1,2,4-triethylbenzene 
cyclopentane Isoalkanes tridecane 1,3,5-triethylbenzene 
methylcyclopentane pristane tetradecane 
1-t-butyl-3,4,5-
trimethylbenzene 
cyclohexane phytane pentadecane n-heptylbenzene 
methylcyclohexane 2,2-dimethylbutane hexadecane phenylcyclohexane 
1,1,3-
trimethylcyclopentane 2,3-dimethylbutane heptadecane 1,2-diethylbenzene 
1,1,3-
trimethylcyclohexane 2-methylpentane octadecane 1,2-dimethyl-3-ethylbenzene 
cyclopentene 3-methylpentane nonadecane 1,3-dimethyl-2-ethylbenzene 
cyclohexene 2,3-dimethylpentane eicosane 1,3-dimethyl-4-ethylbenzene 
cycloheptene 3-ethylpentane heneicosane 1-methyl-2-propylbenzene 
benzene 3-methylhexane docosane 1-methyl-3-propylbenzene 
toluene 2,2,3-trimethylpentane 
 
1-methyl-4-isopropylbenzene 
ethylbenzene 2,2-dimethylhexane Polyaromatics n-butylbenzene 
50 
 
p-xylene 2,3,3-trimethylpentane naphthalene 2-methylbutylbenzene 
m-xylene 2,3,4-trimethylpentane 1-methylnaphthalene pentylbenzene 
o-xylene 2,3-dimethylhexane 2-methylnahthalene 1,2,4-triethylbenzene 
2-methyl-3-heptene 2,4-dimethylhexane 1,3-dimethylnaphthalene 
1-tert-butyl-3,5-
dimethylbenzene 
1-octene 2,5-dimethylhexane 1,4-dimethylnaphthalene octylbenzene 
1,2,4-trimethylbenzene 3,3-dimethylhexane 1,5-dimethylnaphthalene 
 2-methylproplybenzene 2,3-dimethylheptane phenanthrene Isoalkanes 
pentylbenzene 2,6-dimethylheptane 2-methylphenanthrene isobutane 
n-hexamethylbenzene 2-methyloctane anthracene 2,2-dimethylbutane 
n-hexylbenzene 3-methyloctane methylanthracene 2-methylpentane 
naphthalene 4-methyloctane fluoranthene 3-methylpentane 
methylnaphthalene 
 
pyrene 2,2-dimethylpentane 
 
Alkanes benz(a)anthracene 2-methylhexane 
 
hexane chrysene 3-methylhexane 
 
heptane triphenylene 2,2,3,3-tetramethylbutane 
 
octane benzo(a)pyrene 2,5-dimethylhexane 
 
nonane benzo(e)pyrene 2,4-dimethylhexane 
 
decane benzo(g,h,i)perylene 3,3-dimethylhexane 
 
undecane fluorene 2,2-dimethylhexane 
 
dodecane biphenyl 2-methylheptane 
 
tridecane 1-methylphenanthrene 4-methylheptane 
 
tetradecane 3-methylphenanthrene 3-methylheptane 
 
pentadecane 4-methylphenanthrene 2,5-dimethylheptane 
 
hexadecane 9-methylphenanthrene 2,4-dimethylheptane 
 
heptadecane 1-methylpyrene 3,4-dimethylheptane 
 
octadecane 2-methylpyrene 4-ethylheptane 
 
nonadecane benzo(a)flourene 4-methyloctane 
 
eicosane 
1-methyl-7-
isopropylphenanthrene 2-methyloctane 
 
heneicosane benzo(b)fluoranthene 3-methyloctane 
 
docosane benzo(k)fluoranthene 2-methylundecane 
 
tricosane indeno(1,2,3-cd)pyrene 2,6-dimethylundecane 
 
tetracosane picene 2,4,6-trimethylheptane 
 
pentacosane 2-methylanthracene 4-methyldecane 
 
hexacosane 
 
2-methyldecane 
  
Cycloalkanes 2,6-dimethyldecane 
 
Polyaromatics cyclopentane 2-methylundecane 
 
naphthalene cyclohexane 2,6-dimethylundecane 
 
1-methylnaphthalene methylcyclopentane 
 
 
2-methylnaphthalene 1,1-dimethylcyclopentane Alkanes 
  
cis-1,3-
dimethylcyclopentane butane 
 
Cycloalkanes ethylcyclopentane pentane 
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cyclopentane 
trans-1,2-
dimethylcyclopentane hexane 
 
cyclohexane 
trans-1,3-
dimethylcyclopentane heptane 
 
methylcyclopentane 1,1,2-trimethylcyclopentane octane 
 
1,1-dimethylcyclopentane 1,1,3-trimethylcyclopentane nonane 
 
cis-1,3-
dimethylcyclopentane 
trans-1,2,4-
trimethylcyclohexane decane 
 
ethylcyclopentane 
 
undecane 
 
trans-1,2-
dimethylcyclopentane 
 
dodecane 
 
trans-1,3-
dimethylcyclopentane 
 
tridecane 
 
1,1,2-trimethylcyclopentane 
 
tetradecane 
 
1,1,3-trimethylcyclopentane 
 
pentadecane 
 
trans-1,2,4-
trimethylcyclohexane 
 
hexadecane 
   
heptadecane 
   
octadecane 
    
   
Polyaromatics 
   
naphthalene 
   
2-methylnaphthalene 
   
1-methylnaphthalene 
   
2,6-dimethylnaphthalene 
   
biphenyl 
   
1-ethylnaphthalene 
   
2,3-dimethylnaphthalene 
   
n-octylbenzene 
    
   
Cycloalkanes 
   
methylcyclopentane 
   
cyclohexane 
   
t-1,3-dimethylcyclopentane 
   
c-1,3-dimethylcyclopentane 
   
c-1,2-dimethylcyclopentane 
   
methylcyclohexane 
   
ethylcyclopentane 
   
1,2,4-trimethlcyclopentane 
   
1,2,3-trimethlcyclopentane 
   
c-1,3-dimethlcyclohexane 
   
1-methyl-3-ethylcyclohexane 
   
1-methyl-2-ethylcyclohexane 
   
1,3,5-trimethylcyclohexane 
   
1,1,3-trimethylcyclohexane 
   
1-methyl-4-ethylcyclohexane 
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n-butylcyclohexane 
   
propylcyclohexane 
   
hexylcyclohexane 
   
heptylcyclohexane 
   
phenylcyclohexane 
a: [32], b:[55] 
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APPENDIX B: Estimation Model Equations 
Table B-1. Equations for Pure Compound Models  
Model 
Name 
General Equation Input 
Parameters 
Estimated 
Property 
Source 
STM            
           
 
         
 
         
 
         
 
   
     
  
    
   
    
 
  
    
                  
 
 
                       
 
 
ω, Tc, T, ρc    [9] 
 
TCP     
 
  
     
    
   
  
   
         
 
   
   
    
 
  
   
 
   
ω, Pc, Tc, T, ρc, 
Zra, R, MW 
   [8] 
VHV     
 
   
  
       
  
 
 
 
 
 
  
  
 
 
nLb, ΔHvb, no, T, 
Tb, R 
  [15] 
SDM 
          
 
 
  
 
  
  
       
                        
            
                        
            
   
       
                 
                
  
 
 
N, T   [22] 
TEMP 
      
        
  
 
 
 
 
 
P, MW, ρL, ρv   [16] 
TEMBP 
    
       
  
      
 
  
  
 
 
 
 
 
 
P, k, n’, Vb, T, Tb   [15] 
MSM    
    
                                 
   
                        
 
  
K, R, T, Awo, 
                   
  [27] 
TMSM                     
          
                       [28] 
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Table B-2. Equations for Similar Mixture Models 
Model 
Name 
General Equation Input Parameters Estimated 
Property 
Source 
STMM                 
                 
  
   
  
  
 
              
 
             
 
   
          
 
            
 
     
        
     
    
  
                     
2 
       
 
         
  
                           
 
  
               
 
 
ω, Tc, T, ρc, xi      [9] 
TMCP       
 
    
        
        
      
    
       
            
 
   
  
                  
                        
       
 
       
   
 
 
ω, Tc, T, Pc, R, MW, xi      [8] 
TMMV 
      
 
      
        
 
 
MW, Vi, xi      [19] 
NLMM                      
 
  
μi, xi      [24] 
LMM               
 
  
μi, xi      [24] 
EOCM         
         
    
    
      
  
  
 
                     
                    
 
     [23] 
STDMM 
    
 
         
    
 
  
  
 
 
ρmix, xi, σi, ρi      [19] 
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LMM(ST)              
 
 
xi, σi       
SLMM 
          
  
  
     
        
    
  
 
 
     
                           [26] 
LMM(IFT)              
 
 
            
MSMM       
    
                                
    
                        
 
    
K, R, T, Awo,          
          
     [27] 
TMSMM 
                   
   
     
 
   
  
  
    
 , T      [28] 
 
Table B-3. Equations for Dissimilar Mixture Models 
Model 
Name 
General Equation Input Parameters Estimated 
Property 
Source 
LDMM                        
 
 
xEtOH       [20] 
EVM            
          
    
 
 
nEtOH, nG, xEtOHn, xGn      [25] 
EPM                     
        
  
 
 
xEtOH, a, b, c, d      [20] 
EEMM            
              xEtOH      [30] 
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APPENDIX C: Estimation Model Results 
Table C-1. Results for Density, Viscosity, Surface Tension, and Interfacial Tension of Pure Compound 
Models 
 Density Models Viscosity Models Surface Tension Models Interfacial Tension Models 
 STM TCP Lit.  SDM VHV  Lit. TEMP TEMBP Lit.  MSM TMSM Lit.  
propane 0.49 0.49 0.50
a 0.12 0.12 0.09d 8.62 5.39 8.35i 50.66 49.56 70.95n 
butane 0.57 0.57 0.58
a 0.16 0.17 0.17d 13.09 11.35 12.46i 50.97 55.26 71.98n 
2-methylpropane 0.55 0.56   0.16 0.15 0.16
e 10.83 9.84 10.30i 50.93 55.51 50.00o 
pentane 0.62 0.62 0.63
b 0.21 0.22 0.24d 16.14 15.38 16.05b 51.02 59.68 49.00m 
hexane 0.66 0.65 0.66
b 0.29 0.29 0.32d 18.44 18.29 18.40b 51.09 63.16 51.10m 
heptane 0.68 0.67 0.68 0.39 0.39 0.40
d 20.31 20.50 20.14b 51.11 66.21 50.20m 
octane 0.70 0.68 0.70
b 0.52 0.54 0.52d 21.77 22.22 21.62b 51.11 68.06 50.80m 
2-methylbutane 0.62 0.62 0.62
b 0.21 0.20 0.22d 15.53 14.51 14.99b 50.20 57.16 49.20m 
2-methylpentane 0.66 0.65 0.65
b 0.29 0.26 0.30d 17.78 17.54 18.14b 50.79 61.51 48.90m 
2-methylhexane 0.68 0.68 0.68
b 0.39 0.33 0.38b 19.72 19.86 19.29b 51.06 64.91 48.90p 
2-methylheptane 0.70 0.68 0.70
a 0.52 0.36 0.52f 21.15 20.40 20.27i 51.09 67.48   
2,2,5-trimethylhexane 0.70 0.72 0.71
a 0.67 0.44   21.60 22.01 19.59i 51.11 70.60 51.10q 
2-methylnonane 0.75 0.72 0.73
a 0.87 0.64 0.87c 23.40 24.43 22.11j 51.11 70.84   
2-methyldecane 0.80 0.69   1.10 0.78 1.11
e 33.30 25.46   51.11 71.96   
nonane 0.72 0.69 0.72
b 0.67 0.74 0.71d 22.95 23.63 22.85b 51.11 69.47 50.90r 
decane 0.73 0.69 0.73
b 0.87 1.03 0.91d 23.91 24.79 23.83b 51.11 69.94 51.70r 
undecane 0.77 0.70 0.74
a 1.10 1.44 1.17d 24.75 25.78 24.66i 51.11 71.31 54.20q 
2-methylpropene 0.59 0.55   0.16 0.16 0.14
e 12.40 10.92   50.97 51.09   
1-butene 0.59 0.58 0.59
a 0.16 0.16 0.17d 12.97 11.69 12.54i 50.99 51.32 68.00s 
2-pentene 0.55 0.63 0.64
b 0.21 0.22 0.21d 16.07 15.89 16.00b 51.00 54.18 41.20q 
1-hexene 0.67 0.66 0.67
b 0.29 0.27 0.26b 18.43 18.28 18.42b 51.09 60.58 31.30r 
1-heptene 0.70 0.69 0.70
b 0.39 0.34 0.39d 20.32 20.57 20.30b 51.10 64.08 46.20k 
2-methyl-2-butene 0.62 0.59 0.65
b 0.21 0.22 0.21d 17.00 16.13 16.51b 50.86 55.06 36.70m 
2-methyl-1-pentene 0.69 0.63 0.68
a 0.29 0.27 0.28d 19.20 18.16 18.50k 51.03 58.81 43.30k 
2,3,3-trimethylbutene 0.72 0.63 0.70 0.39 0.30 0.45
e 20.67 19.32   51.08 62.94   
cyclopentane 0.74 0.74 0.75
b 0.21 0.24 0.39b 20.80 20.74 22.61b 51.06 54.72 45.70q 
methylcyclopentane 0.74 0.74 0.75
b 0.29 0.29 0.51b 21.09 22.15 22.30b 51.09 58.87 46.70q 
cyclohexane 0.77 0.78 0.78
b 0.29 0.62 0.82b 24.55 23.03 25.24b 51.09 58.52 50.20m 
methylcyclohexane 0.77 0.77 0.77
b 0.39 0.37 0.73b 23.39 24.03 23.85b 51.10 63.10 41.90m 
1,1,3-TMCP 0.79 0.65   0.52 0.38 0.78
c 25.97 23.73   51.10 62.43   
1,1,3-TMCH 0.83 0.66 0.78
c 0.67 0.49   24.45 25.58   51.11 64.28   
cyclopentene 0.80 0.77 0.77
b 0.21 0.23 0.35b 21.22 21.20 22.95b 51.10 49.50   
cyclohexene 0.85 0.81 0.81
b 0.29 0.32 0.66d 25.83 24.19 26.78b 51.10 49.67 43.50r 
cycloheptene 0.63 0.64   0.39 0.41   9.68 26.00   51.11 54.46   
benzene 0.87 0.87 0.87
b 0.29 0.65 0.65d 27.90 26.15 28.88b 50.45 40.29 35.00m 
toluene 0.86 0.85 0.87
b 0.39 0.60 0.59b 36.05 28.07 28.52b 49.20 46.95 36.10m 
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ethylbenzene 0.86 0.84 0.87
b 0.52 0.84 0.57d 29.46 28.45 29.29b 51.01 52.36 38.40m 
p-xylene 0.86 0.84 0.86
b 0.52 0.88 0.56d 28.65 28.71 28.55b 50.85 51.49 37.70m 
m-xylene 0.86 0.84 0.87
b 0.52 0.89 0.55d 29.59 28.79 29.02b 50.87 51.67 37.90m 
o-xylene 0.87 0.86 0.88
b 0.52 0.87 0.74d 31.26 28.63 30.31b 50.83 51.37 37.20m 
2-methyl-3-heptene 0.70 0.66   0.52 0.40   19.60 21.73   51.11 63.23   
1-octene 0.71 0.70 0.72
b 0.52 0.44 0.47b 21.80 22.48 21.76b 51.11 39.62 43.70r 
1,2,4-trimethylbenzene 0.91 0.85 0.88
b 0.67 1.32 1.12b 31.51 29.77 29.71b 51.00 55.36 38.20q 
2-methylproplybenzene 0.60 0.65   0.87 1.39 1.02
g 7.05 29.21   51.10 59.83 40.10q 
pentylbenzene 0.94 0.83 0.86
a 1.10 2.19 1.23e 30.29 30.44 29.45l 51.11 47.73 40.60i 
n-hexamethylbenzene 0.65 0.68   1.38 5.01   9.88 32.60   51.11 63.92   
n-hexylbenzene 0.95 0.83 0.86
a 1.38 2.94 1.70e 30.71 30.94 30.14l 51.11 62.49 41.60i 
naphthalene 1.02 0.98 1.03
a 0.87 2.61 2.48h 38.33 39.31 32.08i 51.10 49.37  
methylnaphthalene 1.11 0.64 1.03
b 1.10 3.58 3.63b 41.02 38.65 38.09b 51.11 50.98 42.70q 
             
AAD % 2.25 3.66  19.1 23.0  3.98 5.17  18.66 31.79  
Literature value sources a: [3],  b: [4], c: [5], d: [6], e: [7], f: [8], g: [9], h: [10], i: [11], j: [12], k: [13], l: [14], 
m: [15], n: [16], o: [17], p: [18], q: [19], r: [20], s: [21]. TMCP: trimethylcyclopentane, TMCH: 
trimethylcyclohexane, TMB: trimethylbenzene. Units for density: g/cm3, viscosity: cP, surface and 
interfacial tension: dynes/cm. 
Table C-2. Results for Density, Viscosity, Surface Tension, and Interfacial Tension of Similar Mixture 
Models   
 Density Models  
Similar Compound Mixtures  STMM TMCP TMMV Literature 
Heptane(0.5) + 2,4-DMP(0.5) 0.67 0.68 0.66 0.6785a 
Octane(0.5) + 2,3-DMB(0.5) 0.67 0.68 0.65 0.6849a 
Tol(0.25) + Oct(0.23) + EB(0.27) + TD(0.25) 0.77 0.78 0.81 0.7742b 
Gasoline  0.70 0.71 0.73 0.7335c 
Crude Oil 0.71 0.74 0.77 0.84456d 
Diesel Fuel 0.70 0.74 0.82 0.8245e 
Jet Fuel 0.69 0.57 0.79 0.8087f 
AAD% 7.61 8.15 3.74  
 Viscosity Models  
 NLMM LMM EOCM Literature 
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Heptane(0.5) + 2,4-DMP(0.5) 0.39 0.39 n/a 0.3813a 
Octane(0.5) + 2,3-DMB(0.5) 0.44 0.45 n/a 0.4404a 
Tol(0.25) + Oct(0.23) + EB(0.27) + TD(0.25) 0.72 0.83 n/a 0.7223b 
Gasoline 0.40 0.47 0.55 0.481g 
Crude Oil 0.74 1.02 1.99 3.7h 
Diesel Fuel 1.04 3.48 1.94 2.00i 
Jet Fuel 0.85 1.35 2.02 2.00j 
AAD% 29.27 28.59 16.12  
 Surface Tension Models  
 LMM(ST) STDMM SLMM Literature 
Cyclohexane(0.5) + Heptane(0.5) 22.55 20.34 21.55 21.21k 
Decane(0.5) + Docosane(0.5) 24.59 26.92 24.75 26.08d 
Decane(0.5) + Tetracosane(0.5) 26.47 25.28 26.99 25.29d 
Decane(0.5) + Eicosane(.25) + 
Tetracosane(0.25) 26.27 25.69 26.74 25.33d 
Gasoline 20.76 24.60 22.33 21.56l 
Crude Oil 24.02 29.31 24.21 28.20m 
Diesel Fuel 23.10 34.55 25.11 27.40n 
Jet Fuel 20.44 33.11 24.03 24.75o 
AAD% 9.00 10.83 5.99  
 Interfacial Tension Models  
 LMM(IFT) MSMM TMSMM Literature 
Gasoline 44.85 45.21 60.79 38.90p 
Crude Oil  47.77 48.11 63.38 27.50m 
Diesel Fuel  47.24 46.46 61.16 32.50n 
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Jet Fuel  49.65 48.36 62.81 36.80f 
AAD% 42.32 41.38 86.41  
Numbers in parenthesis refer to mole fraction of individual compound within the mixture. Units for 
density: g/cm3, viscosity: cP, surface and interfacial tension: dynes/cm. DMP: dimethylpentane, DMB: 
dimethylbutane, Tol: toluene, Oct: octane, EB: ethylbenzene, TD: tetradecane, Benz: Benzene, Xyl: 
xylenes. a:[22] b:[23] c: [24] d: [25] e: [26] f: [27] g:[28] h: [29] i:[30] j: [31] k:[32] l:[33] m: [34] n: [35] o: 
[36] p: [37] 
Table C-3. Results for Density, Viscosity, Surface Tension, and Interfacial Tension of Dissimilar Mixture 
Models   
 Density Models  
Dissimilar Compound Mixtures  STMM TMCP TMMV LDMM Literature 
Gas(0.88) + EtOH(0.12) 0.73 0.73 0.72 0.73 0.76a 
Gas(0.78) + EtOH(0.22) 0.74 0.77 0.73 0.74 0.77a 
Gas(0.05) + EtOH(0.95) 0.86 0.71 0.78 0.79 0.78a 
Gas(0.9) + EtOH(0.1) 0.72 0.74 0.72 0.73 0.756a 
Benz(0.98) + Water(0.01) + EtOH(0.01) 0.87 0.87 0.87 0.73 0.87b 
Benz(0.95) + Water(0.02) + EtOH(0.03) 0.87 0.87 0.87 0.73 0.87b 
Benz(0.91) + Water(0.02) + EtOH(0.07) 0.87 0.87 0.87 0.73 0.868b 
Benz(0.69) + Water(0.08) + EtOH(0.23) 0.88 0.86 0.86 0.74 0.86b 
AAD% 3.32 2.09 2.04 9.14  
 Viscosity Models  
 NLMM LMM EOCM EVM Literature 
2-Butanol(0.5) + Octane(0.5) 0.57 0.57 0.93 0.57 0.713c 
Ethanol(0.85) + Gas(0.15) 0.94 0.96 1.17 0.94 1.016d 
Methanol(0.85) + Gas(0.15) 0.58 0.58 1.17 0.58 0.572d 
Isopropanol(0.85) + Gas(0.15) 1.48 1.56 1.17 1.48 1.723d 
AAD% 10.78 9.30 45.29 10.78  
60 
 
 Surface Tension Models  
 LMM(ST) STDMM SLMM EPM Literature 
Benz(0.98) + Water(0.01) + EtOH(0.01) 29.25 28.64 28.99 21.55 28.03b 
Benz(0.95) + Water(0.02) + EtOH(0.03) 29.56 28.83 29.05 21.56 27.91b 
Benz(0.91) + Water(0.02) + EtOH(0.07) 29.28 28.73 28.88 21.58 27.60b 
Benz(0.69) + Water(0.08) + EtOH(0.23) 30.83 28.98 29.11 21.60 26.20b 
AAD% 8.51 5.05 5.81 21.32  
 Interfacial Tension Models  
 LMM(IFT) MSMM TMSMM EEMM Literature 
Benz(0.992) + Water(0.001) + EtOH(0.007) 33.73 3.51 4.36 32.56 15.90e 
Benz(0.973) + Water(0.002) + EtOH(0.025) 33.08 1.23 4.36 32.50 7.03e 
Benz(0.949) + Water(0.004) + EtOH(0.047) 32.27 0.67 4.36 32.44 3.76e 
Benz(0.92) + Water(0.007) + EtOH(0.073) 31.28 0.42 4.36 32.36 2.06e 
Ethanol(0.95) + Gasoline(0.05) 1.95 0.04 39.86 29.83 0.10 
AAD% 900.86 76.49 7999.35 6486.29  
a: [38] b: [39] c:[40] d: [41] e:[42] The value for Ethanol(0.95) + Gasoline(0.05) is an estimation based on 
literature values of benzene + ethanol mixtures in Ayirala [43]. 
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APPENDIX D: Composition of a Three-Component NAPL Mixture 
 
 Solubility 
(mg/L) 
Molar mass 
(g) 
Density 
(g/L) 
Initial mole 
fraction 
PCE 242 166 1630 0.483 
TCE 1270 131.5 1460 0.439 
TCM 8760 119 1490 0.078 
(Frind et al. (1999)) 
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APPENDIX E: Conditions Used in Simulations 
 
Case 
NAPL 
saturation 
(-) 
Groundwater 
discharge rate 
(m/d) 
Porosity 
(-) 
Dispersivity in source zone 
(cm) 
Horizontal Vertical 
Case1 0.06 0.00864 
0.333 2.5 1 Case2 0.06 0.864 
Case3 0.30 0.0864 
First-order mass transfer rate = 3.0 (/d); the Burdine relative permeability function was used in all 
models. 
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APPENDIX F: Individual Component Properties in Petroleum Products 
 
Gasoline 
Initial Mole 
Fraction 
Density 
(kg/L) 
Solubility 
(mg/L) 
Vapor pressure 
(atm) 
Diffusion coefficient 
in gas (cm
2
/s) 
MCL 
Benzene 0.01 0.88 1780 8.46E-02 9.16E-02 0.005 
Toluene 0.13 0.87 515 3.70E-02 8.02E-02 0.1 
Ethylbenzene 0.02 0.86 140 9.99E-03 7.52E-02 2 
Xylenes 0.11 0.88 175 1.18E-02 7.52E-02 0.7 
gasgroup1 0.06 0.59 227 3.34E+00 1.00E-01 10 
gasgroup2 0.04 0.63 50 4.63E-01 9.57E-02 10 
gasgroup3 0.02 0.68 17 1.31E-01 8.49E-02 10 
gasgroup4 0.02 0.69 2 2.52E-02 7.71E-02 10 
gasgroup5 0.23 0.64 125 4.05E-01 6.61E-02 10 
gasgroup6 0.10 0.69 16 4.65E-02 7.71E-02 10 
gasgroup7 0.03 0.68 102 2.17E-01 9.94E-02 10 
gasgroup8 0.09 0.68 101 2.83E-01 7.26E-02 10 
gasgroup9 0.02 0.75 79 1.95E-01 7.26E-02 10 
gasgroup10 0.02 0.77 20 3.20E-02 8.32E-02 10 
gasgroup11 0.08 0.87 44 1.14E-03 6.75E-02 10 
Average  0.74 184 3.79E-01 7.86E-02  
Diesel Fuel       
Benzene 0.001 0.88 1780 8.46E-02 9.16E-02 0.005 
Toluene 0.01 0.87 515 3.70E-02 8.02E-02 0.1 
Ethylbenzene 0.004 0.86 140 9.99E-03 7.52E-02 2 
Xylenes 0.04 0.88 175 1.18E-02 7.52E-02 0.7 
gasgroup1 0.07 0.87 95 1.43E-03 6.88E-02 10 
gasgroup2 0.04 0.77 1.13E-02 6.84E-05 4.50E-02 10 
gasgroup3 0.20 0.77 9.86E-02 2.09E-04 4.85E-02 10 
gasgroup4 0.10 1.11 6 2.64E-05 5.95E-02 10 
gasgroup5 0.54 0.77 37 6.72E-02 8.08E-02 10 
Average  0.82 42 3.69E-02 6.97E-02  
Crude Oil       
Benzene 0.007 0.88 1780 8.46E-02 9.16E-02 0.005 
Toluene 0.02 0.87 515 3.70E-02 8.02E-02 0.1 
Ethylbenzene 0.007 0.86 140 9.99E-03 7.52E-02 2 
Xylenes 0.08 0.88 175 1.18E-02 7.52E-02 0.7 
gasgroup1 0.04 0.88 77 1.40E-03 6.92E-02 10 
gasgroup2 0.12 0.71 22 7.21E-02 6.67E-02 10 
gasgroup3 0.51 0.73 3 2.17E-02 5.97E-02 10 
gasgroup4 0.03 1.00 17 1.16E-05 6.23E-02 10 
gasgroup5 0.19 0.77 37 6.72E-02 8.08E-02 10 
Average  0.76 59 3.39E-02 6.70E-02  
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E95       
Ethanol 0.975 0.789 100000 5.36E-02 1.24E-01 10 
Benzene 6.53E-04 0.88 1780 8.46E-02 9.16E-02 0.005 
Toluene 6.42E-03 0.87 515 3.70E-02 8.02E-02 0.1 
Ethylbenzene 1.08E-03 0.86 140 9.99E-03 7.52E-02 2 
Xylenes 5.56E-03 0.88 175 1.18E-02 7.52E-02 0.7 
gasgroup1 3.24E-03 0.59 227 3.34E+00 1.00E-01 10 
gasgroup2 1.95E-03 0.63 50 4.63E-01 9.57E-02 10 
gasgroup3 1.18E-03 0.68 17 1.31E-01 8.49E-02 10 
gasgroup4 1.01E-03 0.69 2 2.52E-02 7.71E-02 10 
gasgroup5 1.17E-02 0.64 125 4.05E-01 6.61E-02 10 
gasgroup6 4.83E-03 0.69 16 4.65E-02 7.71E-02 10 
gasgroup7 1.58E-03 0.68 102 2.17E-01 9.94E-02 10 
gasgroup8 4.32E-03 0.68 101 2.83E-01 7.26E-02 10 
gasgroup9 1.14E-03 0.75 79 1.95E-01 7.26E-02 10 
gasgroup10 1.12E-03 0.77 20 3.20E-02 8.32E-02 10 
gasgroup11 4.18E-03 0.87 44 1.14E-03 6.75E-02 10 
Average  0.79 750000 6.89E-02 1.22E-01  
The five groups for diesel fuel and crude oil include the following: group1: aromatics, group2: isoalkanes, 
group3: alkanes, group4: polyaromatics, group5: cycloalkanes. 
MCLs for BTEX are 0.005, 0.1, 2, 0.7 mg/L, respectively.  For the rest of components TPH in water was 
calculated. 
The properties of E95 (ethanol 95% and gasoline 5 % by volume) were calculated based on mole 
fraction.   
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APPENDIX G: Soil Properties Used in Simulations and Spill Conditions 
 
Physical Properties Coarse sand Fine sand Silt 
Hydraulic conductivity (m/d)  50 7 1 
Hydraulic gradient 0.006 0.006 0.006 
Lens NAPL saturation 0.35 0.35 0.35 
Effective porosity  0.42 0.33 0.33 
Horizontal transverse dispersivity in the 
NAPL source (m) 
0.05 0.05 0.05 
   
Vertical transverse dispersivity in the NAPL 
source (m) 
0.025 0.025 0.025 
   
Longitudinal dispersivity (m) 1 1 1 
Transverse dispersivity (m) 0.1 0.1 0.1 
Plume pumping rate (m3/d)-Hydrocarbons 20 20 20 
NAPL pumping rate (m3/d)-Hydrocarbons 100 100 100 
Plume pumping rate (m3/d)-Cosolvents 40 40 40 
NAPL pumping rate (m3/d)-Cosolvents 10 10 10 
Conditions Value assumed  
Maximum volume of spill (m3) 94.6   
Spill duration (hrs) 12   
Remediation time (days) 30   
Aquifer thickness (m) 10   
Depth to groundwater was 3 m to construct the initial NAPL distribution.  
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APPENDIX H: Parameters Adjusted for Sensitivity Analysis 
 
  Reference Value  
TPH-soil (mg/kg) 1000 5000 25000 
TPH-water 
(mg/L) 0.1 1 10 
Benzene MCL 0.0005 0.005 0.05 
Toluene MCL .2 2 20 
Ethylbenzene 
MCL .01 0.1 1 
Xylenes MCL .07 0.7 7 
dispersivity (m) 
y- direction z- direction y- direction z- direction y- direction z- direction 
0.005 0.0025 0.05 0.025 0.5 0.25 
*The same three cases for all adjustable parameters are used in coarse sand, fine sand, silt. 
** Solubility values were adjusted from the reference values listed in Appendix F.  
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APPENDIX I: Saturation versus Depth 
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t1 = time step 1 = 0.13 d = 0.13 days 
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t7 = time step 7 = 1.8 d = 1.8 days 
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APPENDIX J: NAPL Volume in Groundwater 
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